Citrus greening is one of the most serious diseases of citrus in many parts of Asia and Africa (3) . It is caused by a non-culturable, phloem-restricted Gram-negative bacteria (5, 6) . Asian and African citrus greening organisms (GOs) are transmitted by different insect vectors, Diaphorina citri (10) and Trioza erytreae (11) , respectively. The Asian strain of GO produces severe symptoms both under cool (22 to 24°C) and warm (27 to 30°C) temperatures, while the African strain induces severe symptoms only under cool conditions (2) .
The comparison of 16S ribosomal DNA (16S rDNA) is a useful tool for deducing phylogenetic and evolutionary relationships among bacteria and other prokaryotes (20) . 16S rDNA of an Asian (Poona strain, India) and an African (Nelspruit strain, South Africa) GO have been amplified by polymerase chain reaction (PCR), cloned, and sequenced (7) . The nucleotide sequence identity between Poona (Indian) and Nelspruit (African) strains was 97.7%. The two strains were placed in the α-subdivision of Proteobacteria based on comparison with the sequences of other bacteria. The designations "Candidatus Liberobacter asiaticum" and "Candidatus Liberobactor africanum" were given to the Asian and African GOs (9) , respectively, according to the rules established for uncultured organisms (15) .
In Asia, the GO and its insect vector, D. citri, are widely distributed from Pakistan to Taiwan. Recently, some Thai and Nepalese isolates of GO were molecularly and biologically characterized (16) (17) (18) . In Japan, D. citri is common in the southern islands, including Iriomote and Okinawa (13) , and GO was found recently on Iriomote Island (12) . The spread of greening on this island is not a great threat because there are very few citrus species commercially cultivated in this island (12) . There have been no additional reports on the occurrence of citrus greening in other parts of Japan. We surveyed the presence of greening on Okinawa Island, which is about 500 km northwest of Iriomote Island. The outbreak of greening on this island had been greatly feared because this island is one of the major citrus-producing areas in Japan.
The objectives of this study were detection and molecular characterization of GOs on Okinawa Island to assess the relationship to other Asian and African GO strains. Identification of GOs was attempted by graft-transmission to indicator plants using samples from suspected trees. The 16S rDNA and 16S/23S intergenic spacer regions of GOs were amplified and sequenced to supplement the biological indexing results. The sequence was compared with those of other Asian and African strains of GO.
MATERIALS AND METHODS
Sample collection and graft transmission to indicator plants. Survey trips were made to Okinawa Island in September and October 1994. Buds were collected from trees with greening-type symptoms. Shoots were side-grafted to indicator plants (19) that consisted of a rough lemon seedling top-worked with a bud of cv. Orlando tangelo (Citrus reticulata × C. paradisi). GO isolate OK901 from Iriomote Island (12), provided by T. Miyakawa (South Kyushu University), was used as a positive control. Two plants were inoculated from each source and maintained separately at 25/20°C and 30/25°C (day/night) after initial incubation at 25/20°C for 3 weeks. A Philippine isolate was obtained from the quarantine facility of the Yokohama Plant Quarantine Station, a Thai isolate NP (16) was obtained from K. Nakashima (Japan International Research Center of Agricultural Sciences), and two Indonesian isolates were collected from separate locations and introduced to Japan by S. Subandiyah under quarantine office permission. These foreign citrus greening isolates were used for PCR and sequencing experiments.
DNA extraction and PCR. DNA was extracted from leaf midribs and bark of the cv. Orlando tangelo indicator plant by a cetyltrimethylammoniumbromide procedure (14) 6 months after grafting. DNA from 500 mg of tissue was dissolved in 200 µl of 10 mM Tris-HCl, pH 8.0, 1 mM EDTA. PCR was conducted in 100-µl reaction mixtures (10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 ), 0.2 mM each dNTP, 2.5 units of Taq polymerase (Takara, Japan), 1 µl of the extracted DNA, and 0.2 µM each of primers. The amplification of a 16S-specific fragment of GO was done using the primers of OI1 and OI2c (Table 1; 7) , whereas the amplification of the spacer intergenic region between 16S and 23S rDNA was done using the forward primer of OI2 and reverse primer of 23S1 (Table 1 ; 9). The PCR was carried out first by incubation at 92°C for 30 s, followed by 40 cycles of 92°C for 60 s, 53°C for 30 s, 72°C for 60 s, and a final extension of 10 min at 72°C. The amplified DNA was analyzed on a 1.5% agarose gel and stained with ethidium bromide before and after incubation with restriction enzyme XbaI.
DNA sequencing and data analysis. The PCR product was adjusted to 10 to 30 ng/µl after purification using the NucleotraP-CR Extraction kit (Macherey-Nagel, Düren, Germany). Direct sequencing was performed on the DNA using ABI Prism Dye Terminator Cycle Sequencing Ready Reaction kit (PE Applied Biosystems, Foster City, CA). The primers were used for sequencing the amplified fragments of the 16S rDNA and the intergenic region between 16S and 23S rDNA ( Table 1) .
The sequences were determined by an automated sequencer (PE Applied Biosystems, model 373S) and analyzed using GENETYX software (Software Development, Tokyo). The sequences were compared and aligned with those of 16S rDNA and the 16S/23S intergenic region obtained from the DNA Database of Japan, EMBL, and Genbank data bases.
RESULTS
Graft transmission tests. Out of 27 isolates from Okinawa Island, 4 isolates and the positive control OK901 induced severe vein yellowing and leaf mottle on the emerging shoots of cv. Orlando tangelo within 12 weeks after grafting. The symptoms appeared prominently at both 25/20°C and 30/25°C (day/night).
Amplification of 16S rDNA and the 16S/23S intergenic spacer region from GO-infected plant extracts. PCR using primers of OI1 and OI2c produced an amplified fragment of about 1,200 base pairs (bp) from the cv. Orlando tangelo, which had been inoculated with one of the isolates OK 901, KIN1, OKS7, OKS13, and OKS14, and showed the typical symptoms (Fig. 1) . The amplification of the intergenic region between 16S and 23S rDNA resulted in fragment of about 900 bp (Fig.  2) . Fragments of the same sizes were also amplified from one isolate from the Philippines (Phi-1), two isolates from Indonesia (IS-1, IS-2), and one isolate from Thailand (NP). However, these fragments were not amplified from the two non-inoculated cv. Orlando tangelo (healthy control) plants and the 23 plants which did not develop greening symptoms after grafting. The amplified DNA fragments of the 16S rDNA of GOs from Japan, the Philippines, Indonesia, and Thailand were digested by XbaI into two fragments of 650 and 550 bp (7) and U61359 (9) for 16S rDNA and 16S/23S intergenic spacer region, respectively. b The primer reported by Jagoueix et al. (9) . c The nucleotide positions are numbered following the sequences in the EMBL databases L22532 (7) and U61359 (9) for 16S rDNA and 16S/23S intergenic spacer region, respectively. ( Fig. 3) , as reported only for Asian GOs but not for the African GO (8) . Sequences of 16S rDNA and the 16S/23S intergenic spacer region. The amplified fragments of 16S rDNA and the 16S/23S intergenic spacer region were directly sequenced in both orientations using primers listed in Table 1 . The determined sequence was 1,137 bp long for the fragment amplified from 16S rDNA and 893 bp for the fragment from the 16S/23S intergenic spacer region. The combined sequence of these regions was 2,027 bp long. The sequences of these regions were identical among four isolates (KIN1, OKS7, OKS13, and OKS14) from Okinawa Island, one from Iriomote Island (OK901), two from Indonesia (IS-1 and IS-2), one from Thailand (NP), and one from the Philippines (Phi-1). These sequences are very similar to the reported sequences of 16S rDNA of the Thai (99.4 to 100%; 16,17), Nepalese (100%; 16), and Indian (98.8%; 7) strains, and less similar to that of the African strain (97.5%; 7). The sequences of the 16S/23S intergenic spacer region were identical among the isolates used in this study, as well as the Thai and Nepalese isolates reported previously (18) . These sequences showed 99.2% identity with the Indian and Chinese strains and 85.5% identity with African strain. The sequence differences in 16S rDNA and the 16S/23S intergenic region between the GO isolate of Japan (KIN1) and that of India (Poona) are presented in Tables 2 and  3 .
DISCUSSION
In Japan, citrus greening was confirmed only once on the citrus plants in the southernmost small island of Iriomote. Our study clearly demonstrated the occurrence of citrus greening at four locations on Okinawa Island, which is located about 550 km northwest of Iriomote Island. Citrus greening will become an epidemic on Okinawa Island because the insect vector D. citri is common to this area. Economic outcomes are potentially serious, because Okinawa Island is one of the major citrusproducing areas of Japan. It is probable that there are some false negative results of the biological indexing because GO is not very easily graft transmissible (19) .
GOs in Japan (Iriomote and Okinawa Islands) were considered to be Asian type rather than African type, based on the tolerance to high temperature and cleavage pattern with the restriction enzyme XbaI of the PCR fragment of 16S rDNA. The sequences of the amplified 16S rDNA and the intergenic region between 16S and 23S rDNA were identical among five isolates from Japan, (OK901, KIN1, OKS7, OKS13, and OKS14), one from the Philippines (Phi-1), two from Indonesia (IS-1 and IS-2), and one from Thailand (NP). These sequences are very similar to the reported sequences of 16S rDNA and the 16S/23S intergenic region of Thai, Nepalese (16) (17) (18) , Chinese, and Indian (7, 9) isolates, and distinct from the African strain (9) . The sequences of the 16S rRNA and the intergenic region between 16S rRNA and 23S rRNA have been considered to be variable among the strains within the species (1, 7, 9, 20) . Jagoueix et al. (9) reported that the strains of India (Poona) and China had sequences identical to the 16S/23S intergenic spacer region, although they belong to different serotype groups (4) . Their results suggested that the 16S/23S intergenic spacer region is conserved among Asian GOs. This study showed that sequences of the 16S/23S intergenic spacer of Japanese, Philippine, Indonesian, Thai, and Nepalese isolates are identical, but are slightly different from those of Indian and Chinese isolates, and far different from African isolates. The sequences of 16S rDNA were also identical among all Pacific-area isolates used in this investigation, as well as some Thai and Nepalese isolates, but different from those of Indian and African strains. These results suggested that some isolates of GO from Japan, the Philippines, Indonesia, Thailand, and Nepal constitute one strain, which is similar to Indian and Chinese strains and distinct from the African strain, on the basis of the difference in the 16S rDNA and the 16S/23S intergenic spacer region sequences. 
a Nucleotide positions are numbered following the sequence of the 16S rDNA of the citrus greening organism, L22532 (7) in the EMBL databases. 
The nucleotide positions are numbered following the sequence of the 16S/23S intergenic spacer region of the citrus greening organism, U61359 (9) in the EMBL databases.
